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(=H'/W') Aspect ratio 
Maximum amplitude of vibration 
Body force 
Specific heat 
Enclosure depth (see sketch below) 
(=a'w "1 Maximum enclosure acceleration 
Acceleration of gravity 
Enclosure height (see sketch below) 
Thermal conductivity 
Pressure 
(=p'c'/k') Prandtl number-dimensionless 
(= (Ti-Ti)BW ' 3g/ ct ' v ' ) Ray leigh number -dimens ionles s 
Temperature 
(=[T-T[]/[TA-TL]) Dimensionless temperature 
Time 
(=v ' t ' /W' 2, 
x'-component of velocity 
y'-component of velocity 
Enclosure motion 
(=V'/a'w') Dimensionless enclosure motion 
Enclosure width (see sketch below) 




X (=x'/W') Dimensionless coordinate 
Y' Cartesian coordinate (see Fig. 1) 




V '  
P' 
Thermal dif fusivity 
Volumetric coefficient of thermal expansion 
dynamic viscosity 
( = p t / c t )  Kinematic viscosity 
Density 
$'  Stream function 
$ ( = $ ' / a ' )  dimensionless stream function 
0' Frequency 
Subscripts 
C Vertical boundary at x' = W' 
h Vertical Boundary at x' = 0 
P Constant pressure 
V Constant volume 
Y y direction 
. 
INTRODUCTION 
This  is  t h e  f i r s t  Quarter ly  progress  Report f o r  NAS8-20284, 
VIBRATION EFFECTS ON HEAT TRANSFER I N  CRYOGENIC SYSTEMS. The 
per iod  covered is  June 1, 1966 t o  August 3 1 ,  1966. 
$07- I (&%!s r e p o r t  p re sen t s  t h e  r e s u l t s  of an  i n t e n s i v e  search  of t h e  
l i t e r a t u r e  f o r  publ ished research  on n a t u r a l  convect ion w i t h i n  en- 
c l o s u r e s ,  t h e  e f f e c t s  of v i b r a t i o n  on n a t u r a l  convect ion,  and t h e  
e f f e c t s  of v i b r a t i o n  on f l u i d  t r a n s p o r t  p r o p e r t i e s  ( thermal  conduc- 
t i v i t y  and v i s c o s i t y ) .  
geometr ica l  conf igu ra t ion  f o r  t h e  n a t u r a l  convect ion s tudy  are formu- 
l a t e d  i n  dimensionless  form and d isucssed ,  and t h e  f i n a l  i n i t i a l  
des ign  of t h e  companion experimental  system i s  presented  and 
d iscussed .  
The governing equat ions  f o r  t he  i n i t i a l  
A b r i e f  gene ra l  d i scuss ion  of t h e  t ranspor t -proper ty  s tudy 
i s  given. 
ANALYSIS OF PROGRESS 
The l i t e r a t u r e  survey has been completed, and 225 a r t i c l e s  have 
been catalogued as being of poss ib l e  i n t e r e s t  t o  t h i s  r e sea rch .  
number of t h e s e  ar t ic les ,  which were considered most p e r t i n e n t  t o  t h e  
s p e c i f i c  problem being i n v e s t i g a t e d ,  w e r e  a b s t r a c t e d  f o r  quick r e f e r -  
ence t o  t h e i r  con ten t .  The survey of t h e  l i t e r a t u r e  y i e lded  a very  
comprehensive working bibl iography covering n a t u r a l  convect ion,  t h e  
e f f e c t s  of v i b r a t i o n  on n a t u r a l  convect ion,  and t r a n s p o r t  p roper ty  
de te rmina t ion .  
A 
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A' 
1 
An i n i t i a l  mathematical  formulat ion of t h e  fol lowing problem has  
been completed : 
Consider t h e  laminar two-dimensional n a t u r a l  
convect ion of a f l u i d  enclosed between two 
p lane  v e r t i c a l  boundaries,  which are  he ld  a t  
d i f f e r e n t  temperatures ,  wi th  t h e  space  between 
them c losed  by ho r i zon ta l  boundaries .  In t h e  
remaining d i r e c t i o n  t h e  space is considered t o  
extend t o  i n f i n i t y .  The enc losure ,  formed as 
descr ibed  above, is subjec ted  t o  e i t h e r  longi-  
t u d i n a l  o r  t r ansve r se  v i b r a t i o n .  
A set of dimensionless  d i f f e r e n t i a l  equat ions and appropr i a t e  boundary 
cond i t ions  were obtained which showed t h a t  t h e  dimensionless  para- 
meters P r ,  R a ,  H'/W', and g ' / g '  are s u f f i c i e n t  t o  determine uniquely 
d i s t r i b u t i o n s  of t h e  stream func t ion  and temperature.  The above 
0 
r e s u l t s  p r e d i c t  t h a t  experimental ly  determined h e a t  t r a n s f e r  rates 
are c o r r e l a t a b l e  by 
Nu = F(Pr ,  R a ,  H'/W', g'/gA). 
A pre l iminary  des ign  of an appara tus  t o  s tudy  exper imenta l ly  t h e  
n a t u r a l  convect ion problem descr ibed i n  t h e  previous paragraph has  been 
completed. Considering f o r c e  l i m i t a t i o n s  of t h e  v i b r a t i o n  t e s t i n g  
system, a c c e l e r a t i o n  and aspec t  r a t i o  l i m i t s  have been e s t a b l i s h e d .  
From a l l  p o s s i b l e  conf igu ra t ions ,wi th in  t h e s e  l i m i t s  two height-depth 
combinations were chosen which, u s ing  t h r e e  o r  more s i d e  p l a t e  wid ths  
each,  w i l l  a l low a s p e c t  r a t i o s  from 1 t o  31 t o  be  achieved. Methods 
have been s e l e c t e d  for hea t ing ,  coo l ing ,  temperature  measurement, v e l o c i t y  
measurement and flow v i s u a l i z a t i o n .  T e s t  c e l l  f i n a l  des ign  has  been 




s t a r t e d  us ing  t h e  gu ide l ines  above. 
which is  t o  y i e l d  information concerning induced la teral  a c c e l e r a t i o n s  
and mounting p l a t e  i n t e g r i t y .  
s h o r t l y ,  w i l l  be  of u se  dur ing  t h e  f i n a l  des ign  per iod.  
Also, a dummy ce l l  has  been designed 
This in format ion ,  which w i l l  be  a v a i l a b l e  
The molecular t h e o r i e s  of l i q u i d s  which appear i n  t h e  l i t e r a t u r e  
have been s tud ied  f o r  t h e  purpose of s e l e c t i n g  one theory from among 
those  which have been proposed t o  u s e  as a b a s i s  f o r  an a n a l y t i c a l  a t t a c k  
on t h e  problem of t h e  e f f e c t  of v i b r a t i o n s  on t r a n s p o r t  p r o p e r t i e s  of 
l i q u i d s .  
PROGRESS 
L i t e r a t u r e  Search 
A l i t e r a t u r e  sea rch  w a s  made t o  o b t a i n  t h e  r epor t ed  r e sea rch  i n  
t h e  fo l lowing  areas: (a )  n a t u r a l  convect ion w i t h i n  enc losu res ,  (b) 
t h e  e f f e c t s  of v i b r a t i o n  on n a t u r a l  convect ion (both  f o r  s imple shapes 
v i b r a t i n g  i n  a n  i n f i n i t e  atmosphere and v i b r a t i n g  enc losures  completely 
o r  p a r t i a l l y  f i l l e d  w i t h  a f l u i d ) ,  ( c )  t r a n s p o r t  p rope r ty  de te rmina t ion  
(bo th  t h e o r e t i c a l  and exper imenta l ) ,  and (d) t h e  e f f e c t s  of v i b r a t i o n  
on t h e  thermal conduc t iv i ty  and v i s c o s i t y .  The search  included t h e  
fo l lowing  sources  of information:  
1. Engineering Index 
2 .  Applied Mechanics reviews 
3 .  D i s s e r t a t i o n  Abs t rac ts  
4 .  Heat Transfer  Bibliography (appears  p e r i o d i c a l l y  i n  I n t e r n a t i o n a l  
Jou rna l  of Heat Mass Transfer )  
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. 
5. Chemical Abs t r ac t s  
6. Science Abs t rac ts  
Appendix I is  a l i s t i n g  of t h e  a r t ic les  loca ted  which are presented  
under two major ca t egor i e s ;  ( a )  n a t u r a l  convect ion i n  enc losures  and t h e  
e f f e c t s  of v i b r a t i o n  on n a t u r a l  convect ion and (b) t r a n s p o r t  p rope r ty  
de te rmina t ion  and t h e  e f f e c t s  of v i b r a t i o n s  on p r o p e r t i e s .  Many of t h e  
art icles have been a b s t r a c t e d  t o  show t h e  relevance of a p a r t i c u l a r  a r t i c l e  
t o  t h e  r e sea rch  problem and t o  serve as a reminder t o  t h e  r e sea rch  team 
of t h e  conten t  of p a r t i c u l a r  papers.  Those a r t i c l e s  no t  a b s t r a c t e d  were 
considered t o  be of p e r i p h e r a l  i n t e r e s t ,  however, each of t h e s e  ar t ic les  
w a s  reviewed by a t  least one member of t h e  r e sea rch  group. 
be  emphasized t h a t  Appendix I is  t o  serve as a working b ib l iography,  
and new ar t ic les  w i l l  be  added as they appear o r  as the  r e sea rch  proceeds 
and new emphasis occurs .  
It should 
The Na tu ra l  Convection Problem and Its Formulation 
Consider t h e  laminar two-dimensional n a t u r a l  convect ion of a f l u i d  
enclosed between two p lane  p a r a l l e l  ver t ica l  boundaries  a d i s t a n c e  W' 
a p a r t  which are he ld  a t  d i f f e r e n t  temperatures .  The space between t h e  
ver t ical  boundaries  i s  c losed  by two h o r i z o n t a l  boundaries  a d i s t a n c e  H '  
a p a r t  where Hi>>Wc(See Fig.1).  I n  t h e  remaining d i r e c t i o n ,  a t  r i g h t  
ang le s  t o  t h e  p lane  of t h e  ske tch  i n  Fig.  1, t h e  space i s  considered t o  
extend t o  i n f i n i t y .  The enc losure ,  formed as descr ibed  above and depic ted  
i n  F ig .  1, is  sub jec t ed  t o  e i t h e r  l o n g i t u d i n a l  o r  t r a n s v e r s e  v i b r a t i o n .  




The problem i s  now formulated wi th  r e spec t  t o  a moving co-ordinate  
system which is  f ixed  t o  t h e  v i b r a t i n g  enc losure .  
cond i t ions ,  t h e  enc losure  and confined f l u i d  are assumed t o  v i b r a t e  
toge the r  as a bulk ,  i. e. ,  no r e l a t i v e  motion e x i s t s  between t h e  en- 
c l o s u r e  w a l l s  and t h e  confined l i q u i d  as a r e s u l t  of t h e  v i b r a t i o n .  
Under v i b r a t o r y  
T i  __j 
Y '  
;T: 
" 
Th > TE 
I € ' > >  w' 
F igure  1. Schematic Diagram of Rectangular Enclosure Subjected t o  
E i t h e r  Transverse o r  Longi tudina l  O s c i l l a t i o n s .  
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I 
This  assumption i s  c r u c i a l  i n  t h a t  t h e  mathematical  formulat ion of t h e  
problem depends i n  l a r g e  measure upon how t h e  v i b r a t i o n  e f f e c t s  are 
incorpora ted  i n t o  t h e  momentum equat ions .  
t o  t h e  manner i n  which d e n s i t y  v a r i a t i o n s  are considered are a l s o  requi red ,  
and t h e s e  assumptions must be weighed q u i t e  c a r e f u l l y  i n  t h e  f i n a l  
a n a l y s i s .  Each of t h e  aforementioned assumptions w i l l  be  d iscussed  and 
j u s t i f i e d  a t  t h e  po in t  i n  t h e  development where it  is  made. 
L e t  Ti and T: be  t h e  temperatures of t h e  l e f t  and r i g h t  ve r t i ca l  
Addi t iona l  assumptions r e l a t i n g  
boundaries  r e s p e c t i v e l y .  
a l l  dimensionless  q u a n t i t i e s  are unprimed.) 
i n  t h e  f l u i d  w i l l  be  small i n  comparison t o  t h e  abso lu te  p re s su re ,  va r i a -  
t i o n s  i n  d e n s i t y  w i l l  be  determined by v a r i a t i o n s  i n  t h e  temperature  T ' .  
I f  t h e  r a t i o  ( T i  - T:)/Ti is small, v a r i a t i o n  i n  t h e  temperature  of t h e  
f l u i d  normally needs t o  b e  considered only i n  t h e  de te rmina t ion  of t h e  
buoyancy fo rce .  However, s i n c e  t h e r e  i s  an  added f o r c e  i n  t h e  momentum 
equat ions  due t o  t h e  enc losure  motion, which involves  t h e  d e n s i t y  of t h e  
f l u i d ,  and s i n c e  i t  is  of primary importance t o  determine t h e  coupl ing of 
t h e s e  two f o r c e s ,  v a r i a t i o n s  i n  t h e  d e n s i t y  w i l l  a l s o  be considered i n  
t h i s  added d 'hlembert  fo rce .  I n  t h e  o the r  f o r c e  terms of t h e  momentum 
equat ions  t h e  d e n s i t y  w i l l  be  considered uniform a t  i t s  mean va lue ,  i .e . ,  
i t s  v a l u e  a t  T = (T; + T A ) / ~ .  
(A l l  dimensional q u d i i t l t i e s  are -,rimed and 
Since p re s su re  d i f f e r e n c e s  
Considering t h e  assumptions descr ibed  above, t h e  equat ion  of con- 
s e r v a t i o n  of mass i s  
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c 
where x ' ,  y '  are t h e  coordinates  as shown i n  Fig.  1 and t h e  corresponding 
v e l o c i t i e s  are u ' ,  v ' .  
Assuming no temperature change i n  t h e  f l u i d  due t o  compression and/or  
v i scous  d i s s i p a t i o n ,  t h e  energy equat ion  becomes 
a1V2T '  . DT ' - =  
D t '  
2 I n  equat ion  (2)  D i s  t h e  s u b s t a n t i a l  d e r i v a t i v e  and V is  t h e  Laplac ian  
D t '  
ope ra to r  and are g iven  by 
, and a 2  
aY 7 2  
a 2  v2= ax'' + 
t '  is  t i m e  and a ' i s  t h e  thermal d i f f u s i v i t y  (k ' /F ' c '  f o r  gases ,  k'/p'c; 
f o r  l i q u i d s  where p '  i s  t h e  d e n s i t y  eva lua ted  a t  T I ,  k '  i s  t h e  thermal  
conduc t iv i ty  of t h e  f l u i d  and c;), c; are t h e  s p e c i f i c  h e a t s ) ;  a' i s  
considered uniform a t  i t s  va lue  a t  T'. 
P 
Considering t r a n s v e r s e  v i b r a t i o n  ( x ' d i r e c t i o n  ) t h e  momentum equat ions  
are: 
- 7 -  
. 
, 
where p '  is  t h e  p re s su re  i n  the  f l u i d ,  v '  is  t h e  kinematic v i s c o s i t y  
($-), V' is  t h e  enc losure  motion, and B; i s  t h e  body f o r c e .  B; i s  
equal  t o  -p'gb which, consider ing t h e  previous assumption regard ing  t h e  
smallness  of (Ti - Ti)/TL, may be w r i t t e n  
where B' is  t h e  volumetr ic  c o e f f i c i e n t  of thermal  expansion, g; i s  t h e  
a c c e l e r a t i o n  of g r a v i t y ,  and C is  a cons tan t  which is  of no s i g n i f i c a n c e  
i n  t h a t  i t  f a l l s  ou t  of t h e  f i n a l  equat ions .  
assumed s i n u s o i d a l  so t h a t  
The enc losure  motion i s  
V' = a'w' cos u ' t '  (6) 
where a '  and h' are t h e  amplitude and frequency of v i b r a t i o n  r e s p e c t i v e l y .  
The las t  t e r m  i n  equat ion  ( 3 )  is a ' so-ca l led '  d'lllembert f o r c e  which 
arises from t h e  v i b r a t i o n  of t h e  enc losu re  and t h e  assumption t h a t  t h e  
enc losu re  and confined f l u i d  move as a bulk.  
The boundary cond i t ions  t h a t  w i l l  be  placed on t h e  v a r i a b l e s  u', 
v ' ,  and T '  a t  t h e  ver t ica l  boundaries are 
u'  = v'  = 0 ,  
u' = v'  = 0 ,  
T '  = T i ,  a t  x' = 0 
T '  = T l ,  a t  x = W ' .  
The governing equat ions  may b e  s i m p l i f i e d  by w r i t i n g  them i n  
dimensionless  form and in t roducing  t h e  stream func t ion  which s a t i s f i e s  
t h e  c o n t i n u i t y  equat ion  i d e n t i c a l l y .  
v a r i a b l e s  : 
We d e f i n e  t h e  fol lowing dimensionless  
- 8  - 
V' v't ' , v = -  t =  w'2 T -T& TA-T; a ' w '  ' T =  
x = -  x' and y = 2. 
W' ' W' 
The energy equation (2 )  can now be written as 
where 
and Pr is the Prandtl number (= q). 
from equations ( 3 )  and ( 4 ) ,  P' is eliminated with the use of equation 
(5) and equation ( 6 )  is used in writing the d'Alembert force. 
operations give 
The pressure is now eliminated k 
These 
(TL - T')BWt3 
where Ra is the Raleigh number = 
maximum acceleration of the enclosure. 
and g'  = a'o.v2 is the 
orT v 
The boundary conditions are now 
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I 
Y(x,y,o) = 0, T(x,y,o) = To ( i n i t i a l  uniform tempera ture) ,  
For l o n g i t u d i n a l  v i b r a t i o n s ,  y' d i r e c t i o n ,  equat ion  (8) needs only t o  
be modified by changing t h e  s i g n  of t h e  las t  term i n  braces  on t h e  r i g h t -  
a T  . hand s i d e  tomin-  and t h e  - t o  - The remaining equat ions are un- aT 
a Y  ax 
a l t e r e d .  
The form of t h e  governing equat ions  ( 7 )  and (8) and t h e  above 
boundary cond i t ions  show t h a t  t h e  fol lowing dimensionless  parameters 
are s u f f i c i e n t  t o  determine uniquely t h e  Y acd T d i s t r i b u t i o n s :  
H ' / W ' ,  and g'/gA. 
problem wi thout  v i b r a t i o n ,  and t h u s ,  t h i s  mathematical  formula t ion  shows 
t h a t  t h e r e  i s  only  one a d d i t i o n a l  parameter requi red  f o r  t h e  v i b r a t i o n  
problem, t h e  a c c e l e r a t i o n  r a t i o  g'/gA. 
P r ,  R a ,  
The f i r s t  t h r e e  parameters would appear f o r  t h e  same 
From t h e  previous d i scuss ion  w e  see t h a t  i t  should be p o s s i b l e  t o  
express  experimental  hea t  t r a n s f e r  r e s u l t s  i n  t h e  fo l lowing  f u n c t i o n a l  form: 
Nu = F(Pr ,  R a ,  H ' / W ' ,  g'/gA) (9) 
where Nu is  a n  appropr i a t e ly  def ined  Nusse l t  number encompassing measured 
h e a t  t r a n s f e r  rates. 
- 10 - 
Experimental System 
The initial experimental effort is to be directed toward collecting 
data using.water as the test cell fluid. This cell will be vibrated 
both transversly and longitudinally, will be heated on one side by an 
electrical heater and cooled on the other, and will be constructed to 
allow flow visualization and temperature distribution measurements. 
The University's 2000 pound force vibration laboratory (Unholtz- 
Dickie) has been readied for use on this project. 
cleared, air-conditioning installed, and instrumentation is being 
readied or has been ordered. 
The spaces have been 
Test Cell Design 
In the adopted nomenclature for the enclosure, an investigation has 
been made into the ranges of H'/W' and D'/W' which can be used. 
limiting factors in the selection of test cell sizes were the test cell 
weight and the provision of sufficient cell depth to guarantee two-dimen- 
sionality. 
ration system to be used, a total table load of 60 pounds must not be 
exceeded. This total weight will consist of the heat source and sink 
plates, the base plate, the test fluid, and any instrumentation which 
must be placed on the cell. Another design objective was to study cells 
with aspect ratios (H'/W') from 1 to as high as 40. In order to provide 
as many aspect ratio configurations as possible, computer calculations 
were made on the size ranges available under the following assumptions. 
The 




(1)  T o t a l  c e l l  weight of 40 pounds 
( 2 )  One-inch t h i c k  h e a t e r ,  guard hea te r  and cold p l a t e s .  Assumed 
t o  be s o l i d  aluminum. 
Vary H '  from 2 t o  24 inches i n  increments of 2 inches  
For each H'  vary  W '  from 1 t o  30 inches i n  increments of 1 inch.  
(3)  
(4) 
With t h e s e  res t r ic t ive  l i m i t s  t h e  ranges i n  a v a i l a b l e  va lues  of D ' / W ' ,  
H' /W'  and maximum W '  were ca l cu la t ed .  Those having a D ' / W '  r a t i o  of 5 o r  
g r e a t e r  were assumed t o  s a t i s f y  two-dimensionality requirements .  The 
cel ls  w i t h  conf igu ra t ions  as descr ibed are shown i n  Appendix 1. From t h e s e  
s i z e s  two c e l l  height-depth combinations were chosen. For each of t h e s e  
combinations t h e  c e l l  width w i l l  be  v a r i e d  t o  provide d i f f e r e n t  configu- 
r a t i o n s  wi th  t h e  c h a r a c t e r i s t i c s  shown below. 
Height - 16"; Depth - 7" 
Using 3 sets of s i d e p l a t e s  









H ' / W '  
9 . 3  
15.8 
31.0 
Height - 4 " ;  Depth - 22" 
Using 4 sets of s i d e p l a t e s  
H ' /W'  
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D ' / W '  
4 . 1  
7.0 
1 4 . 0  
D ' / W '  






A s  shown, t h e  cons t ruc t ion  of two sets of ho t  and co ld  p l a t e s ,  
u s ing  several sets of s i d e p l a t e s  f o r  each, w i l l  a l low t e s t i n g  of a 
range of a spec t  r a t i o s  from 1 t o  31. 
x 16" set of ho t  and cold p l a t e s  w i l l  preceed t h e  cons t ruc t ion  of t h e  
4" x 22" set .  
w i l l  a l low improvements i n  t h e  second. 
Hot, co ld ,  and guard hea te r  p l a t e s  are t o  be cons t ruc ted  of 
Hot p l a t e s  and guard h e a t e r s  w i l l  make use  of s t r i p  h e a t e r s  
Cons t ruc t ionand u s e  of t h e  7' '  
The experience of des ign  and ope ra t ion  of t h e  f i r s t  c e l l  
aluminum. 
wh i l e  t h e  co ld  p l a t e  w i l l  be  in t eg ra t ed  i n t o  t h e  evaporator  c i r c u i t  of a 
r e f r i g e r a t i o n  system. 
i n  s u f f i c i e n t  number t o  monitor and c o n t r o l  t h e  thermal environment of 
t h e  ce l l .  
A l l  p l a t e s  are t o  be  instrumented wi th  thermocouples 
Cons idera t ion ,  wi th  suppor t ing  c a l c u l a t i o n s ,  w a s  g iven  t o  e l e c t r o -  
The p l a t i n g  t h e  p l a t e  su r faces  t o  provide a more uniform thermal f i e l d .  
techniques of e l e c t r o p l a t i n g  aluminum wi th  copper o r  s i l v e r  w e r e  such 
t h a t  no improvement i n  t h e  thermal uni formi ty  of t h e  plates  could be  
expected. 
Temperature Measurements 
The temperatures  of t h e  f l u i d  enc losure  w i l l  be measured w i t h  
thermocouples imbedded i n  t h e  p la tes .  Af t e r  cons ider ing  s e v e r a l  methods 
of measuring temperature  d i s t r i b u t i o n s  i n  t h e  f l u i d ,  t h e  fol lowing method 
w a s  chosen. The f a c t o r  i n  t h i s  s e l e c t i o n  ca r ry ing  the  most weight w a s  t o  
reduce t h e  s t i r r i n g  a c t i o n  of any type  of thermal probe during c e l l  
v i b r a t i o n .  The optimum s o l u t i o n  cons i s t ed  of suspending butt-welded 
- 13 - 
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, 
thermocouples h o r i z o n t a l l y  across t h e  width of t h e  ce l l .  
couples  w i l l  be  mounted s o  t h a t  they  may be moved a x i a l l y  thus  causing 
t h e  j u n c t i o n  t o  traverse t h e  width of t h e  ce l l .  Severa l  thermocouples 
of t h i s  type  w i l l  be  i n s t a l l e d  ac ross  the  ce l l .  A c a l c u l a t i o n  w a s  made 
t o  estimate t h e  maximum cen te r  displacement of a thermocouple w i r e  sus- 
pended i n  t h e  above manner. The c a l c u l a t i o n  ind ica t ed  t h a t  a s m a l l  amount 
of t ens ion  w i l l  be  necessary i n  t h e  w i r e  i n  o rde r  t o  render  t h i s  d i s -  
placement neg ig ib l e .  
mounts f o r  each thermocouple. 
These thermo- 
The t ens ion  i s  t o  be produced by u s e  of small  s p r i n g  
Flow Visua l i za t ion  
Severa l  methods of flow v i s u a l i z a t i o n  have been reviewed and s tud ied .  
One s t ands  out  i n  i t s  s i m p l i c i t y ,  ease of a p p l i c a t i o n ,  and a b i l i t y  t o  
y i e l d  q u a n t i t a t i v e ,  as w e l l  as q u a l i t a t i v e ,  r e s u l t s .  This  method w a s  
descr ibed  by Brooks ( l8 l a ) in  h i s  t h e s i s .  
size-100 microns) n e u t r a l l y  bouyant p a r t i c l e s ,  a high i n t e n s i t y  l i g h t  
sou rce ,  and photographic recording equipment. The s p h e r i c a l  shape of t he  
p a r t i c l e s  (Eccospheres-by Emerson and Cuming, Inc.)  causes  them t o  r e f l e c t  
and r e f r a c t  l i g h t  r e a d i l y .  
show t h e  motion of t h e  p a r t i c l e s  as traces on a photographic p l a t e .  
traces can be c o r r e l a t e d  wi th  t h e  frequency of l i g h t  source i n t e r r u p t i o n  
t o  y i e l d  v e l o c i t y  da t a .  Brooks has  shown t h a t  p a r t i c l e  d e n s i t i e s  as low 
as 0.0083 grams/ f t  
t hus ,  no apprec i ab le  e f f e c t  i s  expected on t h e  motion of t h e  f l u i d .  
It makes u s e  of s m a l l  (average 
The u s e  of an  i n t e r r u p t e d - l i g h t  source w i l l  
These 
of water a r e  s u f f i c i e n t  f o r  u t i l i z a t i o n  of t h i s  method; 
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A generous supply of t h e s e  p a r t i c l e s  has  been ordered and t h e  s e l e c t i o n  
process  is  underway t o  obta in  a s a t i s f a c t o r y  l i g h t  source.  
Design Considerat ions 
A dummy ce l l ,  t o  be constructed of aluminum, has  been designed t o  
s imula t e  t h e  mass d i s t r i b u t i o n  of a t y p i c a l  t es t  ce l l .  This u n i t  i s  t o  
be  instrumented with accehramete r s  t o  determine t h e  e x t e n t  of t r a n s v e r s c  
v i b r a t i o n  induced from poin t  t o  po in t  on t h e  c e l l  by ver t ica l  v i b r a t i o n  of 
t h e  shaker  t a b l e .  
This dummy u n i t  should provide  va luab le  information quick ly  on t h e  
i n t e g r i t y  of any mounting plate des igns .  
of t h e  several poss ib l e  modes of resonance of t h e  test  c e l l  u n i t .  
It w i l l  a l s o  y i e l d  e s t ima t ions  
Considerable  thought has gone i n t o  t h e  problem of avoiding t h e  
presence of bubble coalescence.  The use of d i s t i l l e d ,  f i l t e r e d ,  and 
de-gassed water is an t i c ipa t ed .  Details of t h e  c e l l  des ign  are a l s o  be ing  
incorpora ted  t o  e l imina te  any f r e e  s u r f a c e  and bubbles from t h e  c e l l  l i q u i d .  
Considerat ion is  a l s o  being given t o  t h e  p o s s i b l e  e f f e c t s  of t h e  
magnetic f i e l d  from the  shaker on thermocouples and o t h e r  ins t rumenta t ion .  
Transport  P r o p e r t i e s  
The a n a l y t i c a l  s tudy of t h e  e f f e c t  of v i b r a t i o n s  upon t h e  t r a n s p o r t  
p r o p e r t i e s  of l i q u i d s  is being undertaken from t h e  molecular ( o r  k i n e t i c  
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theory)  viewpoint.  
of l i q u i d s  has  no t  y e t  been formulated,  s e v e r a l  of t h e  semi-empirical ,  
approximate t h e o r i e s  have been considered f o r  a p p l i c a t i o n  i n  t h i s  s tudy .  
Since a complete and widely accepted k i n e t i c  theory  
The theory of Born and Green (185) i s  a mathematical  formula t ion  
of a gene ra l  k i n e t i c  theory which involves  t h e  use  of a complete set of 
d i s t r i b u t i o n  func t ions  r a t h e r  than t h e  s i n g l e  d i s t r i b u t i o n  f u n c t i o n  
necessary  i n  t h e  k i n e t i c  theory of gases .  The s o l u t i o n  t o  t h e  r e s u l t i n g  
equat ions  i s  no t  y e t  known f o r  most cases. Nevertheless ,  t h e  theory  of 
Born and Green i s  being considered as t h e  b a s i s  f o r  t h e  s tudy  of t h e  
e f f e c t  of v i b r a t i o n s  on t r anspor t  p r o p e r t i e s  because of i t s  completeness.  
The t h e o r i e s  of Eyring, Enskog and Kirkwood ( 2 0 4 )  have a l s o  been 
considered f o r  t h i s  s tudy.  
I n  a d d i t i o n  t o  s e l e c t i o n  of a theory  of l i q u i d s  as a b a s i s  f o r  
t h e  a n a l y t i c a l  s tudy ,  t h e  ques t ion  of t h e  manner i n  which v i b r a t i o n a l  
e f f e c t s  should be introduced i n t o  t h e  equat ions  has  a l s o  been considered.  
Although no f i n a l  dec i s ion  has  been reached on t h i s  a spec t  of t he  problem, 
i t  appears  t h a t  t h e  v i b r a t i o n a l  e f f e c t s  w i l l  b e  introduced as a s i n u s o i d a l  
f o r c e  equa l ly  d i s t r i b u t e d  among t h e  molecules of t h e  system. 
PROGRESS EXPECTED DURING NEXT REPORT PERIOD 
The mathematical  formulat ion presented  i n  t h i s  r e p o r t  i s  a f i r s t  
e f f o r t  a t  ob ta in ing  t h e  governing equat ions  of n a t u r a l  convect ion of a 
f l u i d  contained between two v e r t i c a l  i so thermal  boundaries  subjec ted  t o  
e i t h e r  l o n g i t u d i n a l  o r  t r ansve r se  o s c i l l a t i o n s .  The u s e  of a moving 
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coord ina te  system, which s i m p l i f i e s  t he  w r i t i n g  of boundary cond i t ions ,  
w i l l  be  explored f u r t h e r  t o  ensure t h a t  a l l  t h e  necessary terms have been 
included i n  t h e  momentum equat ions.  The assumptions used i n  t h e  develop- 
ment of t h e  f i n a l  equat ions ( 7 )  and (8) w i l l  be  re-evaluated t o  ensure  
appropr i a t eness  and v a l i d i t y .  Because of t h e  complexity of t h e  governing 
equat ions ,  and t h e  l a c k  of mathematical techniques s u i t a b l e  t o  o b t a i n  
closed-form s o l u t i o n s  of t h e  complete equat ions ,  a t tempts  w i l l  be  made t o  
s impl i fy  t h e s e  equat ions  t o  a t r a c t a b l e  form. 
Experimental  work planned f o r  accomplishment during t h e  next  r e p o r t i n g  
per iod  w i l l  c o n s i s t  p r imar i ly  of cons t ruc t ing  and instrumenting a test  
cel l .  Once completed, t h e  cell  w i l l  be  operated i n  t h e  s t a t i o n a r y  mode 
and t h e  r e s u l t i n g  d a t a  compared wi th  publ ished information f o r  n a t u r a l  
convect ion i n  enc losures .  This comparison w i l l  prove t h e  i n t e g r i t y  of t h e  
tes t  ce l l  and ins t rumenta t ion  conf igura t ion .  With t h i s  work completed 
du r ing  t h e  forthcoming r e p o r t  per iod t h e  i n v e s t i g a t i o n  of performance under 
v i b r a t i o n  can be s t a r t e d  i n  the subsequent per iod .  
The s tudy  of t h e  var ious  molecular t h e o r i e s  of l i q u i d s  w i l l  be  
cont inued w i t h  t h e  goa l  being t h e  f i n a l  s e l e c t i o n  of one of t h e s e  t h e o r i e s  
as t h e  b a s i s  f o r  t h e  s tudy of t h e  e f f e c t s  of v i b r a t i o n s  upon t h e  t r ans -  
p o r t  p r o p e r t i e s .  
The cr i ter ia  f o r  f i n a l  s e l e c t i o n  of a s u i t a b l e  theory  w i l l  inc lude :  
t h e  mathematical  t r a c t a b i l i t y  of t h e  r e s u l t i n g  equat ions ,  t h e  f e a s i b i l i t y  
of inc luding  a n  e x t e r n a l  fo rce  i n  t h e  equat ions ,  and t h e  numerical  r e s u l t s  
t h a t  have been ob ta inab le  from previous a p p l i c a t i o n s  of t h e  theory.  




NATURAL CONVECTION I N  ENCLOSURES AND THE EFFECTS 
OF VIBRATION ON NATURAL CONVECTION 
1. ABBOT, M. R., "ANumerical Method f o r  Solving t h e  Equations of Na tu ra l  
Convection i n  a Narrow Concentric Cy l ind r i ca l  Annulus wi th  a Horizon- 
t a l  Axis ," Q u a r t e r l y  Jou rna l  of Mechanics & Applied Mathematics, l7, - pp. 471-481 (1964). 
I '  
A numerical  method i s  given f o r  s o l v i n g  t h e  equat ions of s teady  
laminar  n a t u r a l  convection i n  a narrow concen t r i c  c y l i n d r i c a l  annulus 
wi th  a h o r i z o n t a l  axis. Method r e s t r i c t e d  t o  narrow, i . e . ,  small gap 
th ickness ,  c y l i n d r i c a l  annul i .  
2. ANANTANARAYANANR. and A. RAMACHANDRAN, "Effec t  of Vibra t ion  on Heat 
Transfer  from a Wire t o  A i r  i n  P a r a l l e l  Flow," Trans. ASME, 80, p. 1426 
(1958). - 
This  paper  p re sen t s  the  r e s u l t s  of an experimental  i n v e s t i g a t i o n  
Both frequency and ampli- 
of t h e  in f luence  of v i b r a t i o n  on h e a t  t r a n s f e r  from an e l e c t r i c a l l y  
hea ted  nichrome w i r e  t o  paral le l  a i r  streams. 
tude inc reased  t h e  hea t - t r ans fe r  rate, i n  some cases  up t o  an inc rease  
of 130%. A c o r r e l a t i o n  equat ion is presented .  
3. ANDRES, J. M. and U. INGARD, "Acoustical  Streaming a t  Low Reynolds 
Numbers," Jou rna l  of t h e  Acoustic Socie ty  of America, 25, no. 5, pp. 
932-938 (Sept .  1953). 
-
4 .  ANDRES, J. M. and U. INGARD, "Acoust ical  Streaming a t  High Reynolds Num- 
be r s , "  Jou rna l  of t h e  Acoustic Socie ty  of America, 25, no. 5 ,  pp. 923-932 
(Sept. 1953).  
= 
5. ARPACL, V. S .  ,J. A. CLARK and S. ESHGHY, "The E f f e c t  of Longi tudinal  
O s c i l l a t i o n s  on Free Convection from Vertical  Surfaces ,"  ASME Trans. ,  
Series J. of Appl. Mechanics, 32, pp. 183-191 (March, 1965). - 
This is  a s o l u t i o n  f o r  t h e  h e a t  t r a n s f e r  from a v e r t i c a l  s u r f a c e  
i n  an i n f i n i t e  incompressible  f l u i d  i n  laminar flow being v i b r a t e d  i n  
i t s  own p lane  ( v e r t i c a l l y ) .  The s o l u t i o n  is  achieved through s o l u t i o n  
of t he  boundary l a y e r  equat ions  by l i n e a r i z a t i o n  t o  y i e l d  two s impler  
equat ions .  Two s o l u t i o n s  are o f fe red ;  one f o r  s m a l l  f requencies  by 
complex i n t e g r a t i o n  and another  f o r  l a r g e  f requencies  by assuming velo-  
c i t y  and temperature  p r o f i l e s  (Von Karman I n t e g r a l  technique) .  The 
r e s u l t s  p r e d i c t  f i r s t  a decreasing and then an inc reas ing  h e a t  t r a n s f e r  
c o e f f i c i e n t  as t h e  v e l o c i t y  amplitude of v i b r a t i o n  i s  increased .  This  
r e s u l t  w a s  v e r i f i e d  by experiment us ing  a ver t ica l  cy l inde r .  
6. ASATURYAN, A. S.  and B. A. TONKOSHKUROV, "Free Thermal Convection nea r  
t h e  Linear  Source of Heat," AD 610 372. 
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The au thors  cons ider  t h e  case of a h o r i z o n t a l  cy l inde r  i n  an 
i n f i n i t e  atmosphere. They use the  boundary l a y e r  equat ions  (quest ion-  
ab le )  and so lve  them us ing  the  Karman Polhausen I n t e g r a l  techniques.  
Then drawing on experiments f o r  t h e  l i m i t s  of i n t e g r a t i o n  they f i n d  
Nu = 0.839 (Gr Pr)'l4 
There fol lows an experiment us ing  nichrome w i r e s  i n  two o i l s  
which r e s u l t s  i n  
Nu = 0.882 (Gr Pr )  1 / 4  
Extensive comparison of c o e f f i c i e n t s  i s  made wi th  previous 
r e s u l t s .  
7. BARAKAT, H . Z . ,  "Transient  Laminar Free-convection Heat and Mass Trans- 
f e r  i n  Two-dimensional Closed Containers  Containing Di s t r ibu ted  Heat 
Source , 'I ASME Paper 65-WA/HT-28. -
This paper  makes use  of f i n i t e  d i f f e r e n c e  techniques t o  de te r -  
mine temperature and v e l o c i t y  d i s t r i b u t i o n s  i n  a two-dimensional rec- 
t angu la r  con ta ine r  f i l l e d  wi th  a h e a t  genera t ing  f l u i d .  The method a l s o  
al lows a q u a l i t a t i v e  e s t ima t ion  of t he  t r a n s i e n t  e f f e c t s .  Comparison is  
made wi th  t h e  experimental  r e s u l t s  of o t h e r  au thors .  
8. BATCHELOR, G. K. ,  "Heat Convection and Buoyancy Ef fec t s  i n  F lu ids ,"  
Quar te r ly  Journal  Roy. Meteor &. , 80, no. 345, pp. 339-348, 1 p l a t e  
( Ju ly  1954). 
- 
9. BATCHELOR, G. K. ,  "Heat Transfer  by Free Convection Across a Closed 
Cavity Between Vertical Boundaries a t  D i f f e r e n t  Temperatures,' '  Qua r t .  
of Applied Mathematics, 12, pp. 209-233 (1954). - - 
This paper  p re sen t s  a t h e o r e t i c a l  a n a l y s i s  of t h e  two-dimen- 
s i o n a l  convect ive motion generated by buoyancy fo rces  on the  f l u i d  i n  
a long r e c t a n g l e ,  of which the  two long s i d e s  are v e r t i c a l  boundaries 
h e l d  a t  d i f f e r e n t  temperatures.  No c losed  form a n a l y t i c  s o l u t i o n  is  
obtained,  however c e r t a i n  conclusions concerning when the  e f f e c t  of 
convection i s  n e g l i g i b l e  one made based upon f r a c t i o n a l  a n a l y s i s  of 
t h e  governing equat ions .  
10. BECK, J .  V. ,  "Calcu la t ion  of T h e r m a l  D i f f u s i v i t y  from Temperature 
Measurements," J. Heat Transfer ,  85, no. 2 ,  p. 181 (1963). -
11. BECKMAN, W . ,  " D i e  Warmeubertrangung i n  Zyl indrischen Gasschichten B e i  
Na tu r l i che r  Konvektion," Forsh Geb. Ingenieurn,  2, pp. 165-178, 212- 
227, 407 (1931). - 
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1 2 .  BERGLES A. E .  and P. H.  NEWELL, J R . ,  "The Inf luence  of U l t r a son ic  Vib- 
r a t i o n s  on Heat Transfer  t o  Water Flowing i n  Annuli," =. J .  Heat and 
Mass Transfer ,  8, no. 10, pp. 1273-1280 (1965). - -
This paper r e p o r t s  the r e s u l t s  of an experimental  s tudy of t h e  
Heat 
e f f e c t s  of h igh - in t ens i ty  u l t r a s o n i c  v i b r a t i o n s  on h e a t  t r a n s f e r  t o  
water flowing i n  annul i .  The i n n e r  tube w a s  e l e c t r i c a l l y  heated.  
t r a n s f e r  w a s  improved with v ib ra t ion ;  vapor reduced the  e f f e c t  of 
v i b r a t i o n .  
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Convection Between Concentric Spheres," submit ted t o  I n t e r n a t i o n a l  J. 
---- of Heat and Mass Transfer ,  1965. 
An experimental  i n v e s t i g a t i o n  is  descr ibed  concerning n a t u r a l  
convection of a i r  enclosed between two i so thermal  concen t r i c  spheres  
of var ious  diameter  r a t i o s .  Measured temperature  p r o f i l e s  are analyzed 
i n  d e t a i l .  The p r o f i l e s  are explained i n  terms of t he  flow p a t t e r n s  
observed i n  t h e  v i s u a l  s tudy.  
c o r r e l a t e s  t he  measured h e a t  t r a n s f e r  rates t o  w i t h i n  15%. 
An emperical  equat ion  i s  presented  t h a t  
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This paper  p re sen t s  the r e s u l t  of a s tudy  of t h e  flow p a t t e r n s  
and temperature  d i s t r i b u t i o n s  occuring between two concen t r i c  i so thermal  
spheres  of va r ious  diameter  r a t i o s  wi th  a i r  i n  the  in t e rven ing  space.  
Q u a l i t a t i v e  d e s c r i p t i o n s  and photographs of t h e  flow p a t t e r n s  are given 
and temperature  d i s t r i b u t i o n s  are c o r r e l a t e d  wi th  t h e s e  p a t t e r n s .  
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h e r .  SOC. Mech. Engrs. S e r i e s  C, Jou rna l  of Heat Trans fe r ,  86, 2 ,  pp. --
159-165 (May 1964). 
The au thors  present  an a n a l y t i c a l  s o l u t i o n  t o  t h e  problem of 
p r e d i c t i n g  t h e  e f f e c t s  of t r ansve r se  o s c i l l a t i o n  on f r e e  convection 
from a v e r t i c a l  f i n i t e  p l a t e .  
t h a t  t he  bouyancy e f f e c t s  predominate, t h e  f l u i d  i s  incompressible ,  
t h e  bulk f l u i d  moves as a mass, and t h a t  t he  normal boundary l a y e r  
assumptions are appropr i a t e  f o r  t h i s  problem. They cons ider  t h a t  t h e  
e f f e c t s  of t he  e f f e c t s  of o s c i l l a t i o n s  r e s u l t  mainly from an  o s c i l -  
l a t i n g  p o t e n t i a l  f low a t  t h e  o u t e r  edge of t he  boundary l aye r .  The 
method of s o l u t i o n  employs a per tuba t ion  technique where t h e  flow is  
condidered t o  be p r i n c i p a l l y  nonvibratory f r e e  convection wi th  velo- 
c i t y  oscillatinns imposed as pe r tu rba t ions .  The zero th  order  approxi- 
mation is taken as Ostrach 's  s o l u t i o n  t o  the  same problem without  
o s c i l l a t i o n s .  The s o l u t i o n  p r e d i c t s  a small decrease  i n  t h e  h e a t  
t r a n s f e r  ra te  f o r  laminar  flow. This conclusion w a s  confirmed by 
experiment . 
The Formulation of t he  problem assumes 
21. BLANKENSHIP, V. D. and J. A. CLARK, "Effec ts  of O s c i l l a t i o n  from a 
Vertical, F i n i t e  P l a t e , "  Trans. A m e r .  SOC. Engngrs., Series 2, J. 
of Heat Transfer ,  86, no. 2 ,  pp. 149-158 (May, 1964). - -- 
This paper p re sen t s  t h e  r e s u l t s  of experiments performed t o  
confirm the  conclusions reached a n a l y t i c a l l y  and repor ted  i n  another  
paper.  For laminar  flow i t  was found t h a t  t h e r e  w a s  a n e g l i g i b l e  
small reduct ion  i n  the  h e a t  t r a n s f e r  rate as w a s  p red ic t ed  a n a l y t i c a l l y .  
I n  a d d i t i o n ,  smoke traces ind ica t ed  t h a t  f o r  c e r t a i n  o s c i l l a t i o n  
f requencies  and amplitudes the re  w a s  an e a r l y  t r a n s i t i o n  from laminar 
t o  t u r b u l e n t  flow wi th  accompanying inc reases  i n  the  h e a t  t r a n s f e r  ra te .  
There i s  some ques t ion  as t o  the  accuracy of t he  experimental  appara tus  
i n  ob ta in ing  t r u e  t r a n s v e r s e  o s c i l l a t i o n s  of t h e  p l a t e .  It appears 
t h a t  t h e  method used t o  connect t he  p l a t e  t o  the  e x c i t e r  could permit 
a cons iderable  amount of c ross  t a l k .  
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h e a t  t r a n s f e r  t o  f r e e  convection i n  v e r t i c a l  r ec t angu la r  channel.)  
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mentals, l., qp .  260-264 (1962). 
The problem of s teady ,  laminar n a t u r a l  convection between 
The stream 
h o r i z o n t a l  concen t r i c  cy l inde r s  was a t tacked  numerical ly  via  f i n i t e  
d i f f e r e n c e  approximations t o  the  governing equat ions .  
func t ion  and temperature d i s t r i b u t i o n  were obta ined  f o r  several diameter 
r a t i o s  and Grashof numbers. No uns tab le  flow condi t ions  were obta ined ,  
b u t  such condi t ions  have been shown t o  e x i s t  by o t h e r  r e sea rche r s .  
a n a l y t i c a l  s o l u t i o n  i s  given f o r  t h e  c reeping  flow case, which is  of 
l i t t l e  importance h i  uos t  app l i ca t ions .  
An 
38. DE GRAFF, J. G. A. and E .  F. M. VAN DER HELD, "The Real t ion  Between 
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an O s c i l l a t i n g  Hor izonta l  Wire t o  Water," Trans. h e r .  SOC. Mech. 
Engnq. S e r i e s  C, Journa l  of Heat t r a n s f e r ,  84, pp. 251-256 (1962). 
A small h o r i z o n t a l  w i r e  i n  water w a s  v i b r a t e d  a t  low f requencies  
and r e l a t i v e l y  l a r g e  amplitudes and t h e  e f f e c t s  of t h i s  v i b r a t i o n  on 
the  h e a t  f l u x  w e r e  experimental ly  determined. It w a s  concluded t h a t  
e i t h e r  forced ,  f r e e ,  o r  mixed convection c o r r e l a t i o n s  could be  used 
t o  p r e d i c t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  depending on the  r e l a t i v e  
values of t h e  Reynolds number and the  Rayleigh number. The Reynolds 
number is based upon t h e  mean v e l o c i t y  of t h e  w i r e .  
convection regime a c o r r e l a t i o n  (conserva t ive)  w a s  proposed. 
I n  t h e  mixed 
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p. 45 (1965). 
41. DONALDSON, I. G. ,  "Free Convection i n  a Vertical Tube wi th  a Linear  
Wall Temperature Gradient," Austral .  J. Phys., l4, p .  529 (1961). -
This  paper  p r e s e n t s  a t h e o r e t i c a l  a n a l y s i s  of convection i n  
a ver t ica l  tube c losed  at  both ends i n  which t h e  temperature  of t h e  
w a l l s  i s  arranged t o  inc rease  l i n e a r l y  wi th  depth.  An experimental  
s tudy  showed good agreement with theory up t o  a c e r t a i n  va lue  of a 
modified Rayleigh number. 
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search  Lab, p .  24, 46, (Dec. 1961). r e f s .  ARL-148 P a r t  I. 
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C 87, pp. 77-84 (1965). 
L 
This paper i s  concerned wi th  the  e f f e c t  of i n c l i n a t i o n  on n a t u r a l  
convect ion h e a t  t r a n s f e r  i n  l i q u i d s  confined by two p a r a l l e l  p l a t e s .  
Data i s  taken and mathematical r e l a t i o n s  are developed from which h e a t  
t r a n s f e r  c o e f f i c i e n t s  can be determined. The f l u i d s  used were water, 
s i l i c o n  o i l s ,  and mercury. One p o i n t  of i n t e r e s t  i s  t h a t  t h e  au thors  
considered t h e  e f f e c t  of aspec t  r a t i o  n e g l i g i b l e .  
45. DUSINBERRE, G. M.,  "A Note On t h e  I m p l i c i t  Method f o r  F in i te -Dif fe rence  
Heat Transfer  Calcu la t ions ,"  ASME Trans. ,  J. Heat t r a n s f e r ,  S e r i e s  C ,  
pp. 94-95 (Feb. 1961). 
This paper  states t h a t  t h e  advantage of t h e  i m p l i c i t  method 
i s  t h e  p o s s i b i l i t y  of us ing  l a r g e  t i m e  i n t e r v a l s .  However, a f t e r  
cons ider ing  a p a r t i c u l a r  problem i t  i s  concluded t h a t  t h e  advantage 
of t h e  l a r g e r  t i m e  i n t e r v a l s  may be outweighed by the  loss of accuracy 
and t h e  need f o r  a longer  computation t i m e .  
46. ECKART, C. ,  "Vortices and Streams Caused by Sound Waves," Phys ica l  
R e v i e w ,  73, no. 1, pp. 68-76 (Jan. 1, 1948). - 
47. ECKERT, E .  R. G. and W. 0. CARLSON," "Natural  Convection i n  A i r  Layer 
Enclosed Between Two Vertical Plates  wi th  D i f f e r e n t  Temperatures," I n t e r .  
J. of Heat and Mass Transfer ,  2, pp. 106-120 (1961). - - ----
Presen t s  experimental  technique,  d a t a ,  and c o r r e l a t i o n s  f o r  
p a r a l l e l  ver t ica l  f l a t  p l a t e s  us ing  a i r .  No v i b r a t i o n .  In t e r f e romet ry  
used t o  determine temperature p r o f i l e s .  Aspec t  r a t i o s  r epor t ed  are 
2.5, 10,  20 and 46.67. Rela t ions  f o r  l o c a l  and average h e a t  t r a n s f e r  
are given. 
48. EICHHORN, R. ,  "Flow Visua l i za t ion  and Veloc i ty  Meas. i n  Natura l  Conv. 
w i t h  Tel lur ium D i e  Method," ASME Trans., J. Heat Transfer ,  83, S e r i e s  - C ,  pp. 379-381. 
A t e c h n i c a l  b r i e f  which desc r ibes  the  use of t e l l u r i u m  probes t o  
v i s u a l i z e  t h e  n a t u r a l  convective flows w i t h i n  va r ious  geometr ical  con- 
f i g u r a t i o n s .  Requires an e l e c t r o l y t e  s o l u t i o n .  
49. EICHHORN, R. ,  "Measurement of Low Speed Gas Flows by Par t ica l  Trajec- 
t o r i e s :  
I n t .  J .  Heat Mass Transfer ,  2, p. 915 (1962). 
A New Determination of Free Convection Veloci ty  P r o f i l e s , "  
- -
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Concerns h e a t  t r a n s f e r  d a t a  f o r  a hea ted  h o r i z o n t a l  wire 
immersed i n  a water ba th  and o s c i l l a t i n g  i n  a v e r t i c a l  plane.  
paper  desc r ibes  a technique of measuring a i r  v e l o c i t i e s  i n  f r e e  con- 
vec t ion  flows us ing  dus t  ( z i n c  s t e r a t e )  p a r t i c l e s  f o r  tracers and 
photographic  p l a t e s .  
s o l u t i o n  except  a t  po in t s  ou t s ide  t h e  maximum v e l o c i t y  area. Random 
a i r  c u r r e n t s  and very p rec i se  con t ro l  of i l l u m i n a t i o n  make t h e  method 
a ted ious  one. 
This 
The method agreed c l o s e l y  wi th  t h e  a n a l y t i c a l  
50. ELDER, J. W . ,  "Laminar Free convection i n  a V e r t i c a l  S l o t , "  J. Flu id  
Mech. 23, Pa t .  I, pp. 77-98 (1965). - -
This i s  an experimental  s tudy of t h e  i n t e r a c t i o n  of t h e  shea r  
and buoyancy f o r c e s  i n  n a t u r a l  convection i n  a l i q u i d .  
mental appara tus  was a r ec t angu la r  s l o t  wi th  two i so thermal  opposing 
s i d e s  a t  d i f f e r e n t  temperatures.  The experiments were run using 
medicinal  p a r a f f i n  and a s i l i c o n e  o i l  and were r e s t r i c t e d  t o  a spec t  
r a t i o s  from 1 t o  60 and Rayleigh numbers from 10 t o  lo8.  
ver t ical  temperature  g rad ien t  L~ nd i n  t h e  i n t e r i o r  of t h e  flow f o r  
Rayleigh numbers g r e a t e r  than 10 and t h e  mechanics of t he  secondary 
flows. 
The experi-  
The major emphasis i n  t h i s  r e p o r t  i s  place:! on the  uniform 
=-z 
51. ELDER, J. W . ,  "Turbulent Free Convection i n  a Vertical  S lo t , "  J. Fluid  
Mech. 23, P a r t  I, pp. 99-111 (1965). - -
An experimental  s tudy of unsteady and t u r b u l e n t  f r e e  convect ive 
flow i n  a ver t ica l  s l o t  across  which these  i s  a uniform temperature 
d i f f e r e n c e .  The aspec t  r a t i o  w a s  i n  t h e  range 10-30, while  t h e  va lue  
of t h e  Rayleigh number w a s  g r e a t e r  than lo6 . Using flow v i s u a l i z a t i o n  
techniques,  t h e  flow p a t t e r n  i n  the  s l o t  w a s  shown t o  c o n s i s t  of two 
t r a i n s  of breaking waves,one t r a v e l l i n g  up the  h o t  w a l l  and one travel- 
l i n g  down the  cold w a l l ,  inducing a tu rbu len t  zone i n  t h e  c e n t r a l  po r t ion  
of t he  i n t e r i o r .  Within t h e  i n t e r i o r  of t h e  s l o t ,  between t h e  mixing 
regions nea r  t he  w a l l s ,  t h e r e  e x i s t e d  a uniform mean temperature f i e l d .  
52. EMERY, A. and CHU, N. C . ,  "Heat Transfer  Across Vertical Layers," J. of 
H e a t  Transfer ,  c 87 ,  pp. 110-116 (1965). -
Vertical s u r f a c e s  were maintained a t  d i f f e r e n t  cons tan t  temper- 
a t u r e s .  Various f l u i d s  g iv ing  a P r a n d t l  number of from 3 t o  30,000 
w e r e  t e s t e d .  Ana ly t i ca l  approach considered boundary l a y e r  approxi- 
mations coupled wi th  i n t e g r a l  techniques-solut ion very l i m i t e d  even 
though experiment and theory w e r e  reasonable  c lose .  
t i o n  i s  given t h a t  c o r r e l a t e s  the experimental  r e s u l t s  and containe 
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The apparatus  used i n  t h i s  s tudy  i s  a c i r c u l a r  tube c losed  a t  
t h e  bottom and open t o  a cooled r e s e r v o i r  a t  t h e  top with a cons tan t  
uniform h e a t  f l u x  through the w a l l .  
wi th  t h e  w a l l  and f l u i d  temperatures throughout the  t e n t  s e c t i o n  as a 
func t ion  of t h e  h e a t  h p u t  and the e n t e r i n g  f l u i d  temperature .  
found t h a t  f o r  some cases  the a spec t  r a t i o  and tube o r i e n t a t i o n  sub- 
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This paper  r e p o r t s  the r e s u l t s  of an experimental  i n v e s t i g a t i o n  
of t he  e f f e c t  of ver t ica l  v i b r a t i o n  on f r e e  convection from a s m a l l  
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